he vascular endothelium plays an important role in the regulation of arterial tone and local platelet aggregation, in part through the release of endothelium-derived relaxing factor, 1,2 which is stimulated by a variety of mechanisms, including the rise in shear stress associated with acute and chronic increases in blood flow. 3 Emerging evidence suggests that exercise improves endothelial function; in animal studies, treadmill exercise training leads to improvement in endothelium-dependent vasodilation and increases in gene expression for endothelial nitric oxide (NO) synthase, 4-6 and studies involving patients with heart failure have demonstrated improved radial and brachial artery NO-dependent, flow-mediated dilation after exercise training. 7, 8 Several investigators have reported that exercise training improves endothelial function in skeletal muscle arteries, 9-11 but few studies have examined its clinical effect on coronary artery endothelial function. 12,13 The present study investigated whether regular exercise improves endothelial function in human coronary arteries.
NTG bolus.

Angiography Analysis
Quantitative Coronary Angiography Analysis All angiogram analyses were performed in a blinded manner, regardless of the sequence of infusions, using the Cardiovascular Measurement System (CMS, MEDIS, The Netherlands). Coronary artery diameter was measured in the optimal view at baseline (approximately 1 month after AMI) and at follow-up coronary angiography (approximately 6 months from AMI). The diameter of the proximal segment was measured on end-diastolic frames, and the percent changes from baseline luminal diameter were calculated after each ACh injection. We assessed the following on each coronary angiogram: basal tone, expressed as the percent constriction at baseline with respect to the maximal dilatation achieved by NTG infusion [100 × (basal diameter -NTG diameter/NTG diameter)], and the vasodilator response to ACh. We also assessed the vasoconstrictor response, the percent diameter reduction below baseline in a nonspastic segment [100 × (ACh -baseline /baseline)].
Statistical Analysis
All values are expressed as mean ± SD. Clinical characteristics were compared by Student's 2-tailed t-test for unpaired data or Fisher's exact test, as appropriate. The incidence of different angiographic findings were compared by Yates-corrected 2 test or Fisher's exact test, as appropriate. Absolute coronary luminal diameters were compared with Student's t-test for unpaired data. Quantitative vasomotor responses were compared with Student's ttest for unpaired data. Multiple regression analysis was used to determine the predictors of improvement in luminal diameter change in response to maximal ACh infusion. The variables included exercise, lipid lowering, sex, diabetes mellitus, hyperlipidemia, smoking, 3-hydroxy-3-methylglutaryl coenzyme A inhibitor, calcium-channel blocker. Lipid lowering was defined as a decrease of less than 10% in the total cholesterol; diabetes mellitus was defined as a fasting glucose level >140 mg/dl or/and receiving relevant therapy; hyperlipidemia was defined as a serum cholesterol >240 mg/dl (6.2 mmol/L) or receiving antihyperlipidemic treatment; smoking was defined as current smoking on admission. A p<0.05 was considered statistically signifi- cant. All patients gave written informed consent before the procedure.
Results
Baseline Characteristics
In the initial study, the data from the EX group were similar to those from the NE (Table 1) . Medical treatments in the 2 groups were similar at baseline: angiotensinconverting enzyme inhibitors (88% of EX and NE), calcium-channel blocker (13% and 21%, respectively) and aspirin (96% and 100%, respectively). Treatments did not change during the 6 months of the study. Serum lipid and fasting blood sugar glucose concentrations also were similar (Table 2) .
Angiographic Findings
The infarct-related artery was the left anterior descending coronary artery in 11 EX and 10 NE, the right coronary artery in 10 EX and 6 NE, and the circumflex artery in 3 EX and 1 NE (Table 3) .
Clinical Follow-up
No patient in the EX group had any major complication during follow-up. The body weight of patients in both groups remained unchanged (EX -0.5 kg vs NE +0.8 kg, NS). However, the total serum cholesterol concentration and the serum triglyceride concentration were decreased in the regular exercisers (EX -29.0 mg/dl vs NE -6.5 mg/dl, p<0.05 and EX -89.3 mg/dl vs NE +9.2 mg/dl, p<0.05, respectively) (Fig 1) .
Response to ACh
In the initial study, patients in both groups had similar responses to ACh (Fig 2) . After 6 months, the mean vasoconstrictive response to the highest dose of ACh among the regular exercisers, was attenuated in comparison with the responses in the initial study. Coronary artery constriction was reduced by 37% and the mean % diameter stenosis change was less in the EX than in the NE (11%±12 vs 41%±36, p<0.05). The vasodilator response of the epicardial arteries in response to infusion of NTG remained essentially unchanged after 6 months of exercise training (Fig 3) . Multivariate analysis showed that exercise training was the only significant determinant of improvement in endothelial function (p=0.01) ( Table 4 ).
Discussion
We found that 6 months of exercise training improved coronary endothelial function following AMI. Coronary vasoconstriction in response to ACh infusion was decreased by exercise training, indicating that exercise has beneficial effects on the endothelium of epicardial coronary arteries. However, in this study, the degree of restoration of the Individual changes in the luminal diameter of coronary vessels in response to acetylcholine at a dose of 30 g/min at the initial study and after 6 months. The mean percent change differed significantly between the groups at 6 months (p<0.05 for the comparison with the non-exercise group). Each line represents the change in each subject, and the circles and bars represent the means ± SD. EX, regular exercisers; NE, non-exercisers; M, month; ACh, acetylcholine. endothelial response to ACh did not reach the normal level, suggesting that normalization of endothelial function may require a more extended period of exercise training. Several mechanisms have been proposed to explain the improvement in coronary vasoconstriction in patients with coronary artery disease who undertake exercise training. These include regression of coronary artery disease, recruitment of coronary collateral vessels, and increased blood flow. Most studies have failed to document a net regression in coronary lesions, even with the combination of lipidlowering strategies and exercise training. 14 As regards the second mechanism, evidence from studies in animals suggests that endothelium-derived relaxing factor/nitric oxidedependent dilation is enhanced in the coronary arteries by exercise training. Berdeaux et al reported that the dilatation of epicardial coronary arteries during exercise is eliminated by -adrenergic receptor blocker, and concluded thatadrenergic receptors are essential for the dilation of the epicardial coronary artery during exercise. 15 Koller et al reported that the sensitivity of skeletal muscle arterioles to wall shear stress in rats is upregulated after short-term daily exercise, resulting in an augmented dilator response that is due to increased release of both endothelium-derived nitric oxide and prostaglandins. 6 In addition, some studies of human skeletal muscle in patients with chronic heart failure have found that physical training restores flow-dependent dilation, possibly by enhancing the endothelial release of nitric oxide. [7] [8] [9] [10] [11] We found that exercise has no effect on NTG-induced, endothelium-independent coronary vasodilation. Haskel et al demonstrated that the epicardial coronary arteries of highly trained, middle-aged endurance runners had a greater capacity for dilatating in response to NTG than did those of healthy, but inactive, men. 16 Hambrecht et al reported that short-term exercise training improves endothelium-dependent vasodilatation in both epicardial coronary vessels and resistance vessels in patients with coronary artery disease. 12 Animals studies have conclusively demonstrated that exercise training increases the total cross-sectional area of the vascular bed 17 and enhances the sensitivity of coronary resistance vessels to adenosine 18 and other vasodilator metabolites. 19 However, none of these proposed mechanisms has been confirmed clinically. Our results suggest that the most potent effect of regular exercise may be on impaired endothelium-dependent coronary constriction. A marked decrease in the serum cholesterol concentration is associated with a correction of endothelial dysfunction, improvement in myocardial perfusion, and a decrease in the incidence of myocardial ischemia. In our study, multivariate analysis showed that regular exercise was the only significant determinant of improved of endothelial function. Our study is the first to show by multivariate analysis that regular exercise is a significant determinant of improved coronary endothelial function.
Study Limitations
However, because the target heart rate of exercise training was determined by different endpoints in the initial exercise test, the prescribed exercise intensity varied among patients. In addition, exercise training was not performed under the supervision of a physician. Therefore, we could not evaluate the actual exercise intensity during exercise training. Furthermore, we did not evaluate the effects of exercise training by a second exercise test after 6 months of exercise training. Future studies will be needed to decide the optimal exercise protocol for improving the endothelial function of the epicardial coronary arteries.
Conclusion
Regular exercise in patients after AMI improves the endothelial function of the epicardial coronary arteries and may be the mechanism responsible for the perception that regular exercise induces cardiovascular 'well being'.
